This paper reports on novel separation methods developed for the direct determination of 14 C in organic carbon (OC) and elemental carbon (EC), two sub-fractions of total carbon (TC) of atmospheric air particulate matter. Until recently, separation of OC and EC has been performed off-line by manual and time-consuming techniques that relied on the collection of massive CO2 fractions. We present here two on-line hyphenated techniques between a Sunset OC/EC analyzer and a MICADAS (MIni radioCArbon DAting System) accelerator mass spectrometer (AMS) equipped with a gas ion source. The first implementation facilitates the direct measurement in the low sample size range (<10 μg C) with high throughput on a routine basis, while the second explores the potential for a continuous-flow real-time CO2 gas feed into the ion source. The performance achieved with reference materials and real atmospheric samples will be discussed to draw conclusions on the improvement offered in the field of 14 C aerosol source apportionment.
INTRODUCTION
The carbonaceous aerosol (total carbon, TC) and its sub-fractions organic carbon (OC) and elemental carbon (EC) constitute a significant portion of the atmospheric fine air particulate matter, influencing the global climate and human health [1, 2] . The application of radiocarbon ( 14 C) in the field of carbonaceous aerosols is different from radiocarbon dating. Emission sources of OC and EC fractions can be traced back by different radiocarbon levels, as 14 C is extinct in emissions from fossil-fuel usage, whereas carbonaceous aerosols from modern material are on the contemporary 14 C level. Therefore, 14 C characterization provides an unambiguous quantification of fossil and non-fossil aerosols sources. As the partition of these two source types is often quite different for OC and EC, it is necessary to perform radiocarbon measurements on both fractions individually [1, 2] .
For this type of analysis, we take advantage of the new Accelerator Mass Spectrometer AMS facility MICADAS at University of Bern [3] and its gas-accepting ion source for the direct analysis of CO2 gas, eliminating the need to graphitize samples. The existing gas introduction system (GIS) [2] has been lending itself very well to the hyphenation with a variety of analytical instruments throughout several joint works between University of Bern and ETH Zurich [3] [4] [5] [6] [7] .
This allows aerosol analysis with high sample throughput, which substantially improves the source apportionment by 14 C. However, sample preparation is still impeded by the use of manual cryogenic CO2 trapping deriving from the THEODORE setup [8] . This Two-step Heating system for the EC/ OC Determination of Radiocarbon in the Environment was used until recently for the production of CO2 ampoules after being coupled to the combustion instrument.
The subsequent use of a semi-automatic ampoule cracking apparatus further made the methodology more complex for environmental routine analysis.
We present here two different methodologies for the direct coupling of an Organic Carbon/ Elemental Carbon (OC/EC) analyzer using pure O2 as carrier gas to the AMS gas ion source following the recent installation of a 200 kV MICADAS facility in the University of Bern [3] .
By using these methods, we demonstrate that it is feasible to bypass CO2 cryogenic trapping and ampoule cracking methodology for the measurement of real atmospheric samples as an improvement of an older work [7] . Additionally, for a first series of reference materials analysis, CO2 gas is directly fed into the ion source without using the GIS. Both methods are best suited to large series of environmental samples ~5-100 μg C.
MATERIALS AND METHODS

The OC/EC analyzer and trapping offline 14 C analysis
Our group uses a thermo-optical OC/EC analyzer (Model4L, Sunset Laboratory Inc., USA) [9] .
This instrument produces CO2 gas as combustion product of atmospheric filters. In this study, we used a temperature program of one step at 760 °C for 170 s for total carbon combustion and an OC/EC thermo-optical separation program of 4 thermal steps (Swiss_4S) developed and characterized previously [1] . For the total carbon combustion program, the carrier gas is pure O2 (99.9995 %). For the Swiss_4S protocol, the carrier gases used are pure O2 for steps 1, 2 and 4 and He (>99.999 %, pre-cleaned with a moisture/O2/hydrocarbon trap) for step 3. The filter transmittance is monitored by a 660-nm tuned-diode laser. The gas flow parameter of the OC/EC analyzer is set at 60 mL/min. The gaseous carbonaceous species released from the combustion pass through a MnO2 bed heated to 850 °C and get oxidized to CO2. The CO2 fractions are then detected and quantified by a non-dispersive infrared (NDIR) detector before being released to the GIS. The CO2 can then be trapped cryogenically and, later on, transferred and sealed in glass ampoules. CO2 samples prepared in this way are introduced in the GIS via means of an ampoule cracker, which utilizes mechanical bellows to crack delicately the glass vessel. We denote this method as trapping offline, which we used in previous studies [e.g., 1, 2] .
For the validation of both systems, trapping online and continuous-flow coupling, we prepared aqueous solutions of C7 (oxalic acid), C6 (sucrose) as well as combusted grains of C5 (wood) as such in the sample holder (all reference materials from the International Atomic Energy Agency, IAEA) and aqueous solutions of oxalic acid 2 (HOx2, reference material SRM 4990c, National Institute of Standards and Technology, NIST) and fossil sodium acetate, (NaOAc, p.a., Merck, Germany) in the range of 2-10 g/L. For the aqueous solutions, we then pipetted 5-10 μL on 1.5 cm 2 prebaked quartz-fiber filters before inserting them in the OC/EC analyzer. The filters were then dried for 2 min before initiating a total carbon combustion temperature program by a dedicated drying program of the Sunset OC/EC analyzer. This approach is contrasting the online trapping from [7] , where the punches were dried in a flow box, thus exposing the filter to contaminant volatile organic compounds.
For the validation of the trapping online method, we used filters from 2010-2011 that were part of a five-years Swiss air pollution study and were collected with high-volume samplers for 24 h on quartz fibre filters [2] . After the sampling, all filters were wrapped in aluminium foil, packed in air-tight polyethylene bags and stored at −18 °C. All filters were heavily loaded with particulate matter (typical loading: 30-100 µgC/cm 2 and 10-30 µgC/cm 2 for OC and EC, respectively). For the analysis, one single 1.5 cm 2 quartz filter punch per sample was used.
Trapping online CO2 via GIS
In the trapping online method, the CO2 is collected in a zeolite trap of the GIS (Figure 1 ). The We use the trapping online hyphenation for the measurement of 14 C from reference materials and water-extracted filters prepared and analyzed by the Swiss_4S method [1] . Alternatively, for standard material measurements, a total carbon combustion program allows for the total carbon load of a filter to be desorbed and quantified as one single peak. 50 seconds before the commencement of the temperature ramp, the OC/EC analyzer outlet is directed to the packed CO2 trap by switching valve B. This period is adequate for pressure stabilization before the loading of a CO2 fraction on the trap. The OC/EC analyzer outlet remains connected to the CO2 trap for 1 minute after the peak has been fully resolved in the NDIR spectrum. At this moment, valve B is switched automatically to the atmosphere.
Continuous-flow coupling of the OC/EC analyzer with the MICADAS
The continuous-flow coupling scheme explores the potential of real-time injection of CO2 fractions without using CO2 enrichment steps. For a continuous-flow coupling, the CO2 mixed with the O2 carrier gas passes through a heated Cu reactor that scrubs the O2 away prior to injection into the ion source. A substantial improvement arises from continuous-flow 14 C measurements of the thermograms provided by the commercial Sunset OC/EC analyzer, as the averaging of the 14 C signal over trapped fraction is omitted. However, real-time 14 C measurements are currently hindered by the fact that the gas flow outlet of the Sunset OC/EC analyzer is about two orders of magnitude higher than what may be tolerated by the gas ion source. Additionally, the nature of the carrier gas (pure O2) renders ionization problematic so that O2 shall be removed prior to injection. and 900 mm long PEEK tube, which also serves as an insulator for the transfer from ground potential to about -40 kV inside of the ion source [6] . Under these flow conditions, the active lifetime of the reactor filled with 25 g of Cu is sufficient for the injection of 35 total carbon combustion analyses (5 minutes analysis time), which is equivalent to a total capacity of ~3 L of O2.
RESULTS AND DISCUSSION
Trapping online measurements
Carbonaceous fractions separated as described above were analyzed by AMS. 14 C results are reported as percent Modern Carbon (pMC) that is derived as the ratio of 14 C/ 12 C measured in the samples to the 14 C/ 12 C ratio in 1950, which is defined as 0.95 times the value of the contemporary standard SRM4990B, multiplied by 100%. Table I presents For the determination of cross contamination and constant contamination contributions of the system, we combusted solid grains of a fossil NaOAc and the modern reference material NIST-HOx2 for different sample sizes and followed the procedure as in [11] (Figure 3 ). The constant contaminant mass was estimated as 0.4±0.2 μg C with a 14 C value of 80±36 pMC. The mass of the constant contamination is slightly higher than for the trapping offline method (i.e., 0.055 µg C at 50 pMC [6] ), as the zeolite trap introduces a larger uncertainty than the ampoule sealingcracking method [11] . After analyzing fossil and modern samples alternately, 0.5% of the carbon of the previous sample was found to mix and cross contaminate the next injection (cross contamination factor, φ = 0.5±0.4%). Both parameters, the constant contamination and the cross contamination, induce slightly higher measurement uncertainties than the trapping offline method especially for very small samples (<5 µg C), which are typically negligible though compared to other uncertainty components for such small samples. Consequently, no significant changes in the analytical precision and accuracy are to be expected in comparison with [6] .
In general, the method is improved compared to a previous proof-of-principle study [7] , which discussed how a coupling of a Sunset OC/EC analyzer with the AMS MICADAS may be realized by measuring a pair of standards. It reported difficulties with operation of the Sunset OC/EC analyzer under high backpressure, which is now solved by using a different Sunset model and modifying the internal valve setup of the instrument (see above). Further technical improvements involve exchange of the water trap at the outlet of the Sunset instrument and a fully automatic control of the interface with the LabView program. Moreover, we now achieve 12 C + currents that are higher by an order of magnitude and a constant contamination contribution to the blank that is a factor of 5 lower than what was reported in [7] .
The performance of the trapping online setup is evaluated by 14 C measurements of filter samples that had been measured in the past. Older results [2] obtained by the offline technique were compared with our method (Figure 4 ). While the OC measurements agree well, the measured 14 C of EC samples in the low pMC value range seem to tend towards lower values than the reference.
However, the dataset is too small to determine, whether this deviation is significant. Figure 5 compares a typical thermogram of a water-extracted filter analyzed by both methodologies. It seems that there is a slightly greater loss of native EC at step 2 and a subsequent lower EC yield during step 4 as indicated by the laser signal. Apart from that, the peak resolution is maintained and the laser course does not indicate any significant difference in charring elsewhere. The system experiences higher backpressure during the trapping times, a fact that does not alter the resolving power of the system. For both methods, the exhaust is let to the atmosphere during the He step of the Swiss_4S protocol by switching valve A while keeping the trap flushed with 10 mL/min He. This is due to excessive flow restriction by the narrow tubing of the GIS when He is passed through.
From the operation performance point of view, preparation and analysis of small CO2 samples are carried out within the same day and with a reduction of the turnaround time of a factor of 4 for analyzed samples when compared to the trapping offline setup [5, 6] . Where it is sensible, collection and analysis by 14 C of OC and EC fractions can be performed in one single run of Sunset OC/EC analyzer (e.g., when water-insoluble OC shall be evaluated or in particulate matter analysis from ice cores).
First pure O2 continuous-flow 14 C gas measurements
An initial test of a continuous-flow 14 C AMS measurement is performed without any intermediate CO2 trapping and usage of the gas-tight syringe or an open split system. During the analysis of samples ranging 20-40 μg C, average 12 C + currents amounted to 1.4-1.9 μA. Lower carbon masses (10 μg) were measured by this method producing comparable currents, although this seemed to be dependent on the ion source condition. HOx2 analysis resulted on the average in a pMC value of 134.9±2.9 and for NaOAc in 7.7±0.5 (Table II) for a FWHM of 200 s under stable conditions. The signal decayed very slowly to background levels resulting in a broadened and tailed peak ( Figure 6 ) with a turning point after the signal had started to drop. 13 C/ 12 C ratio starts to raise with 12 C current increase and is as stable as it usually is for normal offline gas measurements. In the first runs, the pressure in the ion source was 1.5·10 -6 hPa starting to increase to >10 -5 hPa after the peak has been resolved in the NDIR plot. Since then, stable pressure conditions throughout the measurement have been maintained by disconnecting the Cu reactor from the OC/EC analyzer in an attempt to minimize the dead volume as soon as the CO2 pulse had exited the Sunset OC/EC. The teed-in extra He flow is varied in the range 0.2-0.5 mL/min in order to test for different He/CO2 proportions and peak broadening. 0.5 mL/min carrier He flow rate is chosen here as most satisfactory, but this issue is investigated in next section.
The combination of inevitable dead volumes with the low He carrier flow results in air intrusion from the vent outlet. This is especially the case at the instance when oxygen background has completely been reduced and before the valve after the Cu reactor is switched to the ion source.
For this reason we believe that several reference materials resulted in elevated pMC concentrations (Table II) , which will be investigated further. The low carrier flow causes a peak broadening and the poor resolution compromises the real-time aspect of the setup and hampers the separation of closely resolved peaks in Sunset. On the other hand, this allows us to measure for longer period resulting in a gain of 14 C counts.
Ion current optimization -first real-time measurements
In order to optimize the CO2:He dilution ratio, maintain stable vacuum conditions of the ion source throughout the analysis and improve the efficiency of the peaks, it is possible to increase Figure 2 ). We found that the best response resulted from combustion of masses lower than 2 μg C using the 0.13 mm I.D. capillary as it is demonstrated in Figure 7 . For the analysis of 1.75 μg C derived from combustion of HOx2 as an example, the ion source pressure throughout the analysis was 5 × 10 -6 hPa with an average 12 C + current of 2.8 μA and a total number of 14 C + counts of 1873. For higher flow rates or bigger capillary I.D.'s, the excess of carbon dioxide in the center of the peak causes a reduction of the ionization efficiency of the ion source, which induces an artificial double peak. This makes the analysis of higher masses problematic, because this ionization suppression effect becomes more intense producing even completely negatively inversed peaks. For more complex ambient aerosol mixtures, we expect that thermal protocols need to be modified so that decomposition products evolve more gradually.
Conclusion and outlook
The trapping online setup has been proven successful for the collection and analysis of 14 C derived from a series of standards and real atmospheric samples. Measured 14 C/ 12 C of individual carbonaceous fractions are consistent with those determined by conventional methods. First continuous-flow 14 C measurements of reference materials were successfully performed without intermediate steps such as split systems or intermediate CO2 storage in a syringe and traps. Next steps include the optimization of the proportion of CO2 to carrier gas after the Cu reactor in order to improve the efficiency of the resolved CO2 pulses. The modification of the Sunset OC/EC temperature program will also be performed in order to make the 14 C characterization of thermal degradation products more efficient for continuous-flow analysis. Tables   Table I. Radiocarbon analysis with the trapping online method of reference materials from 3 determinations with mean measurement uncertainty (calculated referring to the single analysis) and average 12 C + currents.
Sample
Nominal 14 C/ 12 C, pMC confidence bands. Large confidence bands for the fossil reference are due to the calculation based on the same mathematical model [11] as for the modern samples. 
